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A multi-period optimal energy planning program for Ontario has been developed in mixed-integer non-linear programming using General 
Algebraic Modeling System, GAMS. The program applies both time-dependent and time-independent constraints. These include, but not limited 
to, construction time, fluctuation of fuel prices, and CO2 emission reduction target. It also offer flexibility of fuel balancing and fuel switching of 
the existing boilers and option purchasing of Carbon credit if the reduction target is not achievable. The objective function incorporates all these 
constraints as well as minimizes over all the cost of electricity and meets the projected electricity demand over a span of 14 years. 
Originally it was used for only two study cases which are the base case scenario for Ontario where no CO2 emission reduction target is applied 
and the 6% reduction case to meet the Kyoto Protocol; to reduce its CO2 emission to 6% below that of 1990. This project utilizes the program for 
various similar study cases and beyond. The Ontario’s study cases include different CO2 emission reduction targets ranging from 6% to 75% 
below 1990 levels by 2012. The overall cost of the electricity for different CO2 emission reduction targets increases linearly with slope of 1.3. 
Carbon capture and sequestration, retrofitting of the carbon capture and storage, and fuel switching are the main strategy in order to keep the cost 
of electricity relative low and satisfy the CO2 emission constraints.   
These results help us better understand the factors affecting the fleet’s structure. It may also help plan the energy direction of Ontario and perhaps 
serve as an example for other provinces, territories, states, and even countries.  
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1. Introduction 
When 60% of world’s electricity fuel source is fossil [1], the quest to satisfy the ever growing energy demand had released CO2 in large 
abundant. This particular greenhouse gas (GHG) is a culprit for an array of undesired and soon irreversible chain of events worldwide. In March 
1994, the United Nations Framework Convention on Climate Change entered into force. It encouraged governments to gather and share 
information on GHG emissions and practices that could lessen these GHG emissions. Soon after, in 1997, the Kyoto Protocol was adopted and 
ratified by most of the leading industrial countries. Instead of encouraging governments, the latest Kyoto Protocol bound ratified governments 
and set emission target that average to six percent below that of 1990 for a span of five years period from 2008-2012. Canada is among the 37 
industrialized countries committed to the Kyoto Protocol. Province of Ontario is one of largest GHG emitters among the 10 provinces of Canada. 
While there has been no clear road map from the Ontarian government, this study aim to develop a multi-period mixed-integer non-linear 
programming (MINLP) using General Algebraic Modeling System (GAMS) that could produce an energy strategy where demand is satisfied at 
the least cost with CO2 emission consideration.  
There were several previous studies using optimization methods. Iyer and Grossmann et al. [2] used mixed-integer linear programming 
(MILP) to plan and schedule offshore oil facilities. Adriana and Spyros et al. [3] proposed dynamic programing (DP) to find the least-cost 
strategy to reduce CO2 emission from production of electricity using Greece as a case study. Similarly, Mo and Hegge et al. [4] developed a 
stochastic DP that allows users to identify relations between time, investment decisions, construction periods and uncertainty. Maravelias and 
Grossmann [5] suggested a complex optimization model addressing the production planning in pharmaceutical and agrochemical industries. 
Hashim and Douglas et al. [6] developed a MINLP single-period optimization model to satisfy the electricity demand and CO2 emission 
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constraint at the least cost. However, Hashim et al. study does not take into account the time-dependant constraint such as, among others, 
construction lead time. Thus, to make the prediction more generic, it should be mitigated to a multi-period domain.  
The proposed optimization model will apply multi-period constraints. These include construction time, fluctuation of fuel prices, and CO2 
emission reduction target. It also offer flexibility of fuel balancing and fuel switching of the existing boilers and option purchasing of Carbon 
credits if the reduction target is not achievable. The objective function incorporates all these constraints as well as minimizes the annual cost of 
electricity and meets the projected electricity demand over the next 14 years.  
2. Methodology 
The model developed is initially a multi-period MINLP where it is then linearized using exact linearization methods. This is done to avoid the 
computational difficulties encountered in the large convex non-linear models and lowering the computational power while maintaining the 
consistency of the solution. It was implemented in the General Algebraic Modeling System (GAMS) using the CPLEX 10 solver. This solver 
uses a branch and cut algorithm to solve complex scenarios. It also allows for an initial deep probe of the problem prior to any iteration to 
determine the best strategy and therefore reduce computational time. A number of other GAMS/CPLEX option were initially considered but the 
most effective means to reduce the computational time were the model formulation itself. 
 
2.1 Objective Function 
The objective function for the deterministic multi-period MINLP is as follow: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The program may choose to purchase new power station with pre-assigned capacity and other operational parameters. The matrix method is used 
to prevent new power station(s) from generating power and emission before the construction period is completed, which will be discussed in 
detail later. It should be noted that no binary variable is associated with the cost of the carbon capture and storage (CCS) for the new station(s). 
And for every new station(s) there is one option with CCS and one without, both having identical operational parameters.  
 
The indices, sets, variables, and parameters used in the planning model are the following:  
Indices                                                                              
                                                                                       T  
 
Time horizon (years)  
ݐ  Time period (years)  (CO2)ij  CO2 emission from boiler i using fuel j  
(tonne of CO2/MWh)  
݅  Boiler  ܧ݇݉ܽݔ  Maximum supplemental energy required  
for kth capture technology  
݆  Fuel type (coal or natural gas)  ߝ݅݇ݐ  Percent of CO2 captured from boiler i using carbon capture 
technology k during period t (%)  
݈  Load block (peak or base-load)  ߚ݅  Construction lead time for  
power station i (years)  
݇  Carbon capture technology  ܳ݅  Cost of carbon capture and storage  
for boiler i ($/tonne of CO2)  
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Sets                                                                                      Dtl  Electricity demand during period t  
for load l (MWh)  
ܨ  Fossil fueled power plants  Btl  Conservation and demand management during period t and 
load block l (MWh)  
ܰܨ  Non-fossil fuel  ߩ  Factor for transmission and  
distribution losses  
݊݁ݓ  New power plants  ܥܮ݅݉݅ݐݐ Specified CO2 limit during period t  
݊݁ݓíܿܽ݌  New power plants with  
carbon capture  
 
Binary variables 
Parameters                                                                           
                                                                                         ݊݅ݐ  
 
=1 if power plant i is built during period t = 0 otherwise  
ܨ݆݅ݐ  Fixed operating cost of boiler i using fuel j 
during period t ($/MW)  
ݕ݅ݐ  =1 if power plant i is operational during  
period t = 0 otherwise  
ܸ݆݅ݐ  Variable operating cost of boiler i using fuel j 
during period t ($/MWh)  
ݔ݆݅ݐ  =1 if coal-fired boiler i is operational while using fuel j during 
period t =0 otherwise  
ܥ݆݅  Capacity of boiler i using fuel j (MW)  ݖ݆݅݇ݐ  =1 if the carbon capture technology k is used  
on boiler i, which uses fuel j, during period t.  
݈ܲݐ  Duration of load block l during period t (hrs)  ݄݅ݐ  =1 if coal-fired boiler i undergoes fuel-switching during period 
t =0 otherwise  
ܷ݆ݐ  Fuel cost for fuel j during period t ($/GJ)  Continuous variables  
ܩ݆݅  Heat rate of boiler i using fuel j (GJ/MWh)  ܧ݆݈݅ݐ  Power allocation from boiler i using fuel j  
for load block l during period t (MW)  
ܴ݅ݐ  Cost associated with fuel-switching coal-fired 
boiler i during period t  
   (ܥݎ݁)ݐ  Carbon credits purchased during period t  
(tonne of CO2)  
ܵ݅ݐ                     Capital cost of power plant i during period t  
(ܥܥ݋ݏݐ)ݐ           Cost of carbon credits during period  t  
                         ($/tonne of CO2) 
 
 
 
In order to linearize the model, several parameters in the objective function shall be dealt with, using exact linearization method as follow: 
Non-linear term from cross product of EFijtl and Zijkt where the CCS retrofit for an existing station are being considered: decision to put binary 
variable Z with kth carbon capture technology on the ith boiler using jth fuel during time t and the power allocation E from ith fossil fuel boiler 
using jth fuel type during period t and lth demand. 
Defining Įijktl as a new continuous variable  
 
Įijktl = EFijtl Zijkt 
 
Replace Įijktl into the equation (1) below: 
 
          (1) 
 
Thus we have, 
 
(2) 
 
 
To ensure that this reformulation will yield the same results as its non-linear counterpart, additional constraints are defined as following: 
 
(3) 
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(4) 
 
 
 
The objective function is now reduced to its final MILP form: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2 Model Constraints 
 
2.2 Constraints 
The objective function takes into account the following constraints.  
 
Annual electricity:  
The annual electricity generated from the fleet minus the supplemental energy required for the potential carbon capture process must be greater or 
equal to the annual demand. 
 
(5) 
 
 
Taking into account potential energy savings due to conservation and demand management (CDM) strategies, equation (5) becomes: 
 
(6) 
 
 
where Btl is the forecasted annual energy savings (MWh) due to CDM strategies. 
The energy constraints equation (6) is enhanced further by considering the potential electricity losses during the stages of transmission and 
distribution. Although this is non-linear with transmitted power [7], an approximation could be achieved by factorizing the power received with 
the dispatched power. Thus equation (6) becomes: 
 
 
(7) 
 
 
 
Capacity constraint for existing power stations: 
The net power capacity (MW) of any power station cannot be exceeded. The maximum of these constraints are expressed as follow, in terms of 
fossil fuel and non-fossil fuel respectively. 
 
(8) 
 
 
(9) 
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Construction lead time and capacity constraint for new power stations: 
As mentioned previously, to prevent new power station(s) from generating power and emission before the construction period is completed, the 
matrix method is used. A three indices matrix restricts the maximum power output of a given power station. Each row in the matrix corresponds 
to a specific year of construction and each column refers to a “regular” year. The non-zero values in the matrix specify the maximum capacity of 
the power station. A sample matrix for a hypothetical power plant P1 is illustrated in figure 1. This three indices matrix is used in conjunction 
with the binary variable yitc which specifies the year in which the construction should commence. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Capacity constraint on capture process: 
This constraint deals with the energy required for the capture process to ensure the energy required for the kth carbon capture process is zero when 
the process is not activated on the ith coal-fired boiler. Emaxk represents the maximum energy required for the kth capture process and is as follow: 
 
(10) 
 
Fuel-selection and power plant shutdown: 
For existing coal-fired power station, the model offers fuel-switching option for alternative fuel such as natural gas. To restrict the use of two 
different types of fuel simultaneously on the same boiler, the binary variable Xijt represents the fuel type for the ith fossil fuel boiler during period 
t and is zero when ith is shut down. Another binary variable hit is also used as a decision variable whether the fuel-switching should occur to 
enhance this further in equation (11). It is important to note that fuel-switching can only be applied once on a given boiler during study period T. 
 
(11) 
 
Selection of CO2 capture process: 
The retrofitted can only occur when the boiler is active to prevent the retrofitting on a non-active boiler. It is formulated as shown in equation 
(12). It should be noted that only one capture technology can be used for a given boiler during study period T. 
 
(12) 
 
CO2 emission constraint: 
This constraint limit the total CO2 emission to be less than or equal to the specified annual emission target. Non-fossil fuel power stations such as 
nuclear are assumed to emit no CO2 and therefore not included in this constraint as formulated in equation (13). Carbon credit is included as an 
option to satisfy overall emission target. 
 
 
 
 
(13) 
 
 
 
 
Similarly, other GHG emission such as SO2 and NOx could be integrated into the model by substituting their corresponding emission coefficients 
and annual limits. However this could significantly increase the size of the model and the ensuing computational time, and as such, this option 
was not pursued. 
 
Supply technologies: 
There are 5 main supply technologies used in the study: Nuclear, Natural Gas Combined Cycle (NGCC), Integrated gasification combined cycle 
(IGCC), Hydroelectric, and Wind power. 
In NGCC, electricity is generated from a combination of a gas cycle and a steam cycle. The waste heat of the exhaust gases leaving the gas 
turbine is used for steam generation in a heat exchanger. The steam is introduced back to drive a steam generator and ultimately the turbine to 
produce additional electricity. 
In IGCC, coal is gasified by partial combustion to produce synthetic gas (syngas). IGCC combines gas and steam turbines for electricity 
production. Coal slurry is reacted with oxygen (or air) and steam, and syngas is produced, consisting mainly of CO and hydrogen. The raw 
syngas is cooled and cleaned to remove particulates and sulphur impurities. The clean syngas is then burned in a combustion turbine which drives 
a generator to produce electricity. The hot exhaust gases are recovered and used to produce steam. 
Figure 1 – Sample matrix used. The non-zero values in the matrix specify the maximum capacity of power plant P1 
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Figure 2 – Ontario Installed Capacity 
As of 2005, Ontario total installed generation capacity is ~ 30 662MW from all 
sources [8]. Current Ontarian government legislate for the closure of all coal-
fired power stations by 2009. This combines with the depleting nuclear units 
will leave a gap of ~ 17 000MW within the next 20 years if no new units are 
supplied. 
 
 
 
 
The overall model statistics are is illustrated in table 1. 
 
Table 1 – GAMS statistics 
BLOCKOFEQUATION 63 SINGLEEQUATIONS 14903
BLOCKOFVARIABLES 37 SINGLEVARIABLES 11476
NONZEROELEMENT 82119 DISCRETEVARIABLES 2595
 
To successfully execute the model, several detailed parameters must be specified by the user and is retrieved via GAMS add-on tool called 
xls2gams. This tool allows for a user friendly interface for both input and output files.  
3. Case study and discussions 
This study uses Province of Ontario, Canada as a case study. Each case is based on a 14 years span from 2006 to 2020. Four cases were 
implemented imposing different constraints as follow: 
 Case study 1: Base case scenario where no CO2 emission limits is applied. 
 Case study 2: A series of CO2 emission reduction scenarios are imposed according to the Kyoto protocol and beyond;  
the fleet-wide emission of CO2 must be 6% below that of the 1990 level after year 2011, an equivalent of 20Mt of CO2 per year. 
Additional CO2 emission reductions target were perform including 12%, 25%, 50%, and 75%. These amount to 18.7, 16, 10.6, and 
5.32Mt of CO2 emission per year. 
 
3.1 Assumptions of case studies: 
 Listed below are assumptions made in the model. 
 Nuclear power is only used for base-load demand and cannot be utilized for peak-demand due to the design and safety reason. 
 All existing nuclear units in Ontario are to be refurbished prior to their out-of-service dates. The mid-point estimate associated cost 
from Winfield et al [9] is used. And the time required is assumed to be two years [9]. 
 Total hydroelectric capacity available for base-load demand in Ontario is ~ 3 424MW.  
 The hydroelectric capacity to meet intermediate peak-load demand is ~ 3 299MW. [10] 
 No new renewable supply sources are realized within the 14 years span of the study. 
 Operation and maintenance cost, both fixed and variable, remain constant. No reliable data were found addressing the issue otherwise. 
 CCS technology is available and CO2 sequestration sites within Ontario are Lake Huron and Lake Erie estimated to be 289 and 442 Mt 
of CO2 respectively [11]. 
An Intel Pentium 4, 3GHz computer with 2GB of memory was used to perform the study. The computational time ranges from 5to 35 hours. 
 
Following are the results from the study.   
 
Cost of electricity:      
 
In most cases, new generating units are purchased within the first 
5 years as shown in the following fleet structure section. This 
creates a small peak on the COE plot. A general trough is 
produced during the 2014-2016 period. This is a result of low 
capital expenditure relatives the amount of power produced.  
Five NGCC units are purchased in 2009 creating a sharp rise in 
expenditure and cost of electricity in the 75% emission reduction 
case. Later in 2012, the CO2 emission constraint comes into effect, 
shown in figure 4. Over 4 billion dollars worth of carbon credits 
were purchased, figure 5, as the construction for five purchased 
units will be completed and online in 2013. This large carbon 
credit purchase induced the second sharp rise on the plot. 
 
 
 
Figure 3 – Cost of Electricity 
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CO2 Emission: 
All the specified CO2 emission targets are met. The base case, 
where no emission target is given, a trough is observed. During this 
period three previously purchased NGCC units are online and the 
fleet relying less on other carbon intensive fuel to satisfy the base-
load. In particular, the fleet is drawing less power from Nanticoke 
units. This dip in production however went back to the cheaper coal 
after the fleet readjust for the three new NGCC units that had 
recently come online. 
 
 
 
 
 
 
 
 
Figure 4 – CO2 emission plot 
Expenditure:    
As the CO2 emission reduction constraint 
increases, the fleet rely heavier on the 
CCS system. The capital and O&M for 
the CCS system is increased 
continuously with the reduction targets. 
This trend is eventually averted and 
dropped in the 75% emission reduction 
scenario. CO2 credit is now being 
purchased to satisfy the constraint.  
The fleet also invests heavily on the new 
units, doubling the capital for the closest 
scenario and five times that of the base 
case. Overall expenditure increases with 
the specified emission reduction targets.  
 
Surprisingly, fuel switching is 
insignificant. With relative to the fleet’s 
expenditure, only a small fuel switching 
component is applied in the 6%, 12%, 
and 25% emission reduction cases. 
 
Figure 5 – Overall expenditure. 
Fleet Structure: 
The horizons of the newly purchased units for each scenario are illustrated below. The model assumes 5 years construction period before a PC 
becomes operational, 3 years for an NGCC, with or without CCS, and 7 years for a nuclear unit. Tables 2-5 show precisely when the new 
construction should commence. The construction length is highlighted in blue and the unit is operational thereafter. 
Excluding the 75% reduction and the base case, the constructions necessary to satisfy the future demand initiate within the first five years. All the 
units are natural gas based with one nuclear unit. The construction period of new units for the base case spans over the horizon as there is no 
urgencies. As observed in the expenditure plot, the CCS system becomes essential to achieve higher CO2 emission reduction targets.  
 
Table 1 – Base case 
Base NetCapacity
MW 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
PC 527
NGCC 1013
NGCC 760
NGCC 1520
NGCC 1520
NGCC 507
 
Table 2 – 6% & 12%Emission reduction 
6% NetCapacity
MW
2006 2007 2008 2009 2010 2011 2012 2013 12%

Net
Capacity
MW
2006 2007 2008 2009 2010 2011 2012 2013
NGCC 507 NGCC 253        
NGCC 1520 NGCC 760        
NGCC 2279 NGCC 2279        
NGCC+CCS 648     
NGCC+
CCS 648        
NGCC+CCS 432     
NGCC+
CCS 1297        
Nuclear 1406 Nuclear 1406        
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Table 3 – 25% & 50% Emission reduction 
25% NetCapacity
MW
2006 2007 2008 2009 2010 2011 2012 2013 50%

Net
Capacity
MW
2006 2007 2008 2009 2010 2011 2012 2013
NGCC 760 NGCC 760        
NGCC 1520 NGCC 1520        
NGCC 2279 NGCC+CCS 648        
NGCC+CCS 432 NGCC+CCS 1945        
NGCC+CCS 1297 NGCC+CCS 2594        
Nuclear 1406 Nuclear 1406        
 
Table 4 – 75% Emission reduction 
75% NetCapacity
MW 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
NGCC+CCS 216
NGCC+CCS 648
NGCC+CCS 1297
NGCC+CCS 865
NGCC+CCS 1297
NGCC+CCS 1729
NGCC+CCS 1945
NGCC+CCS 2594
NGCC+CCS 432
Nuclear 1406
4. Conclusion and future works 
A large scale multi-period MINLP optimization model for energy planning has been developed. It takes into account detailed multi-period 
constraints such as construction lead time, fluctuation of fuel price, CO2 emission reduction targets, and for the CCS system to be retrofitted at a 
pre-specify cost. It also offers the possibility of fuel switching and fuel balancing which allows the prediction to be more generic.  
         In the base case where no CO2 emission reduction target is specified, the maximum emission can be as high as 44Mt of CO2 in a given year. 
The purchasing of new generating units consists of Coal and NGCC without CCS as well as a nuclear unit. This changes when emission 
reduction constraint is applied. The strategy is shifted to more NGCC units with installed CCS to reduce amount of emission. While natural gas is 
more expensive than coal, the less capital on operation and maintenance in addition to less emission makes it a better addition to the fleet where 
CO2 emission is concerned. Fuel switching is also used in most of the cases where CO2 emission reduction is indicated. Once the emission target 
is very strong, 75% reduction for example, the fuel switching simply is not adequate and large amount of carbon credits are purchase driving the 
cost of electricity up considerably. Almost in all cases, the construction of new units commence within the first five years of the 14 years span. 
A nuclear unit is purchased in every scenario. It requires long build time and cannot be used for the base-load demand due to the design and 
safety reason may have limited the number of new nuclear units, despite the zero CO2 emission assumption.  
          While this study uses province of Ontario, Canada as a case study, it should be noted that the program can be extended to apply to other 
provinces, states or even countries. Stochastic programming will be a great extension to this study since parameters such as demand and fuel 
price do not follow a deterministic path and is random in nature. While both natural gas and coal prices are predicted to be very stable in the next 
decades, more sensitivity analysis such as fuel price fluctuation and demands forecast will help us better understand the fleet structure.  
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